In mammalian systems, detoxification enzymes of the GST (glutathione S-transferase) family regulate JNK (c-Jun N-terminal kinase) signal transduction by interaction with JNK itself or other proteins upstream in the JNK pathway. In the present study, we have studied GSTs and their interaction with components of the JNK pathway from Diptera. We have evaluated the effects of four Delta class Anopheles dirus GSTs, GSTD1-1, GSTD2-2, GSTD3-3 and GSTD4-4, on the activity of full-length recombinant Drosophila HEP (mitogen-activated protein kinase kinase 7; where HEP stands for hemipterous) and the Drosophila JNK, as well as the reciprocal effect of these kinases on GST activity. Interestingly, even though these four GSTs are alternatively spliced products of the same gene and share > 60 % identity, they exerted different effects on JNK activity. GSTD1-1 inhibited JNK activity, whereas the other three GST isoforms activated JNK. GSTD2-2, GSTD3-3 and GSTD4-4 were inhibited 50-80 % by HEP or JNK but GSTD1-1 was not inhibited by JNK. However, there were some similarities in the actions of HEP and JNK on these GSTs. For example, binding constants for HEP or JNK inhibiting a GST were similar (20-70 nM). Furthermore, after incubation of the GSTs with JNK, both JNK and the GSTs changed catalytic properties. The substrate specificities of both GSTs and JNK were also altered after their co-incubation. In addition, glutathione modulated the effects of JNK on GST activity. These results emphasize that different GST spliceforms possess different properties, both in their catalytic function and in their regulation of signalling through the JNK pathway.
INTRODUCTION
GSTs (glutathione S-transferases; EC 2.5.1.18) are a superfamily of multifunctional enzymes involved in normal cellular metabolism as well as in the detoxification of various hydrophobic endogenous and xenobiotic compounds [1] . The central importance of GSTs in detoxification lies in their unique capacity to conjugate glutathione with a wide variety of compounds [2] . This detoxification reaction is of critical importance in cell survival. As a consequence, GSTs have been found in virtually all organisms and are currently grouped into at least ten classes based on their primary sequence similarity, substrate specificity, immunological properties, and tertiary and quaternary structures [3] . Changes in glutathione levels have also been associated with the activation of a stress response [4] and GSTs can protect against electrophiles and oxidative stress by altering cellular glutathione levels [1] . GSTs also have glutathione peroxidase activity under conditions of oxidative stress and they have been further implicated in a range of physiological roles such as signal transduction, cell proliferation, differentiation and apoptosis [5] .
Various classes of GSTs have been shown to be involved in these broader physiological roles. For example, GST Omega protected cells from apoptosis induced by Ca 2+ mobilization from intracellular stores through its ability to regulate the Ca 2+ channel activity of the ryanodine receptor [6] . Since the Bcl-2 family member Bax regulates programmed cell death by promoting apoptosis [7] , a role for GST Theta in regulation of apoptotic cell death has also been suggested following its identification as a Bax-interacting protein [8] .
Other interactions of GSTs to alter intracellular signaltransduction events have been reported. Most often these implicate GST in the regulation of the JNK (c-Jun N-terminal kinase) signaltransduction pathway. JNK is a member of the MAPK (mitogenactivated protein kinase) family, which is conserved across all eukaryotes ranging from yeast and insects to mammals [9] . JNK has been implicated in a variety of biological functions in response to stress, and the transmission of signals through the JNK pathway is achieved by sequential phosphorylation and activation of the pathway kinase components, the MKKKs (MAP kinase kinase kinase), the MKKs and the MAPKs. The activation of JNK relays extracellular cues to transcription factors such as c-Jun [10] , activating transcription factor 2 [11] and Elk1 [12] , thereby regulating gene expression, cellular homoeostasis, differentiation, apoptosis and cell death. Not only is the induction of c-jun and c-fos transcription dependent on JNK, but Jun and Fos can also induce the transcription of xenobiotic-metabolizing enzymes such as GST [13] . Thus c-Jun is directly involved in GST Pi expression in vivo [14] . This suggests a role of JNK in the induction of a cellular defence programme against cytotoxic xenobiotics.
JNK pathway components and GSTs are evolutionally conserved across mammals and insects. Different mammalian GST classes such as GST Pi and GST Mu have been reported to interact with different stress kinase proteins in the JNK pathway. For example, GST Pi is a JNK regulatory protein, and its association with JNK maintains a low basal level of JNK activity in the nonstressed cell [15] . The lack of GST Pi increased constitutive JNK activity in vivo and, therefore, regulated the expression of genes that were specific downstream targets of the JNK pathway [16] .
Moreover, GST Pi co-ordinates ERK/p38/IKK activation as part of the mechanism underlying its ability to elicit protection against H 2 O 2 -induced cell death [17] . In contrast, GST Mu interacts with ASK1 (apoptosis signal-regulating kinase 1), an upstream activating kinase of JNK that participates in cell death [18] .
In the present study, we evaluate the interaction of GST and kinase proteins in a Dipteran system using four different spliceforms of Anopheles dirus Delta class GSTs and two different Drosophila kinase proteins, Drosophila HEP7 (where HEP stands for hemipterous) and Drosophila JNK (JNK). The Drosophila JNK pathway, viewed as a linear cascade [19] , comprises the Hemipterous (HEP or DMKK7) [20] , basket (JNK) [21] and D-Jun [22] , which are homologous proteins with mammalian MKK7, JNK and c-Jun respectively. The four Anopheles GSTs used in the present study are alternatively spliced products from a single gene [23] . To elucidate the mechanism by which GSTs modulate the JNK signalling pathway, we assessed both GST and kinase activities to provide evidence for direct protein-protein interactions and to measure the binding affinity. Our results show that the GSTs interact with protein kinases, the different GST isoforms appear to possess different regulatory mechanisms in the JNK pathway and JNK interaction also affects GST activities. This is the first report of the reciprocal regulation of GST and JNK pathway activities.
EXPERIMENTAL Preparation of DNA constructs
The alternatively spliced products, GSTD1-1, GSTD2-2, GSTD3-3 and GSTD4-4, were cloned into a pET3a vector [24] . The recombinant proteins in the Drosophila JNK pathway consisting of Drosophila HEP7 (HEP; GenBank ® accession number AAB63449.1), Drosophila JNK (JNK and also known as basket; GenBank ® accession number AAB97094.1) and the transactivation domain of Drosophila Jun (amino acids 1-104; Jun 1-104; GenBank ® accession number P18289) were obtained by reverse transcriptase-PCR from adult Drosophila melanogaster. The PCR products were then cloned into a pET28b vector (Stratagene). The HEP recombinant plasmid was also used as the template for a site-directed mutagenesis method to construct a constitutively active HEP mutant (HEP 3E 
Preparation of recombinant proteins
GST proteins were expressed and purified using either GSTrap or S-hexyl-glutathione affinity chromatography [24] . The four recombinant proteins, HEP, HEP 3E , JNK and Jun 1-104, were expressed as histidine fusion proteins. The JNK and Jun 1-104 recombinant proteins were expressed as soluble proteins and purified using a standard Ni 2+ -nitrilotriacetate column method (Amersham Biosciences). In contrast, HEP and HEP 3E recombinant proteins were expressed mainly in inclusion bodies. Therefore these HEP and HEP 3E were purified using Ni 2+ -nitrilotriacetate column chromatography under denaturing conditions and renatured by slow dialysis using the Roti ® -Fold reagent (Carl Roth GmbH+, Karlsruhe, Germany). Protein concentrations were determined using the BioRad protein reagent with BSA as the standard [26] .
GST activity assays
GST activity was measured by the conjugation of GSH with the hydrophobic substrates CDNB (1-chloro-2,4-dinitrobenzene; Aldrich), DCNB (1,2-dichloro-4-nitrobenzene; Fluka, Buchs, Switzerland), PNBC (p-nitrobenzyl chloride; Aldrich) and PNPB (p-nitrophenyl bromide; Aldrich) [24] . We used the CDNB conjugation as our standard assay because GST-specific activity for this substrate was highest [24] .
Effects of protein kinases HEP and JNK on GST activity
The effects of HEP and JNK on GST activity were examined by incubating GSTs and kinase proteins in a 1:1 molar ratio at room temperature (27) (28) (29) (30) • C) for 5 min. GST activity was measured in the presence and absence of kinase proteins. The effects on GST activity were evaluated by the following methods.
(i) The percentage inhibition of GST activity. The percentage inhibition was determined by measuring GST activity in the presence of HEP or JNK as well as without kinase proteins as the control.
(ii) The type of inhibition and affinity binding (K i ). GST and kinase protein interactions were performed by varying the concentration of CDNB from 0.05 to 3.0 mM and measuring the kinetic parameters for CDNB and GSH conjugation [24] . The kinetic parameters and K i were determined by both linear and nonlinear regression analysis using GraphPad Prism 2.01 software.
(iii) The change of GST substrate specificity by JNK. GST and JNK were incubated in a 1:1 molar ratio and the effects of JNK on GST activity were determined using the hydrophobic substrates for GST, as mentioned above. A positive or negative change of GST activity towards a substrate, when compared with activity in the absence of JNK, indicated a substrate selectivity change of GST.
(iv) The effect of GSH on GST activity in the presence of JNK. A 1:1 molar ratio of GST/JNK was incubated at room temperature for 5 min in the presence and absence of 2 mM GSH. The GST activity was determined towards its hydrophobic substrates as described above.
In vitro protein kinase assays
Constitutively active HEP 3E was used to activate JNK and then both HEP 3E and Jun 1-104 were assessed as JNK substrates [21, 22] . HEP 3E /JNK/Jun 1-104 in 1:2:10 molar ratio were incubated in 20 mM Hepes, 20 mM MgCl 2 , 20 mM β-glycerophosphate (pH 7.6), containing 500 µM dithiothreitol, 100 µM sodium orthovanadate, supplemented with 20 µM ATP and 3 µCi of [γ -
32 P]ATP. The phosphorylation reactions were performed for 25 min at room temperature and separated by SDS/PAGE. Phosphorylated proteins were visualized by autoradiography and quantified by Cerenkov counting.
Effects of GST on protein kinase activity
The recombinant GSTs were incubated with kinase proteins in a 10:1 molar ratio for 10 min at room temperature. Kinase activity was then measured as described above.
RESULTS

JNK and HEP can inhibit the activity of Delta GST spliceforms
Previous studies have shown that GSTs of the mammalian Pi and Mu classes are capable of modulating the JNK pathway through Table 1 Effect of HEP and JNK proteins on GST activity
The recombinant proteins of HEP and JNK were incubated with the different GST splice forms in 1:1 molar ratio for 5 min at room temperature. The percentage inhibition of GST activity was calculated using a reaction that contained no kinase proteins as control. their inhibition of JNK and interaction with ASK respectively [18] . In the present study, we have evaluated whether GSTs of the Dipteran Delta class could interact with two kinases from Drosophila, either JNK or its upstream kinase HEP, by measuring both the effects of the kinases on GST activity and the effects of the GSTs on kinase activity. Previously, a comprehensive study of six GST isoforms yielded estimates of total GST concentrations in eukaryotic cells, depending on tissue type, ranging from 0.1 to 1.4 nmol of GST/mg of total soluble protein [27] . From our laboratory data, we estimate Drosophila SL2 cells to contain 66 pg of soluble protein/cell. Assuming a tissue culture cell volume of 1 pl [28] , a total GST cell concentration of 7-90 µM can be estimated. A single MAPK protein has been estimated to have cellular concentrations of 1-3 µM [28] . In Anopheles gambiae, it has been reported that, probably, there are 32 different soluble GST encoding transcripts with 31 being found in the adult mosquito [29] . This is similar to the 37 putative GST genes identified in Drosophila [29] . It was also shown that, depending on the specific tissue/cell type, a single GST isoform can vary between 0.15 and 45 µM [27] . However, these concentration determinations do not address the issue of compartmental localization known to be important in controlling message propagation down signal-transduction pathways. We therefore chose an intermediate concentration range and used the ratio 1:1 for the GST/JNK experiments.
We began with an evaluation of the effects of JNK and HEP on the activity of four Delta GST spliceforms. Alternative splicing is a major mechanism of generating protein diversity in higher eukaryotes [30] . These four GSTs possess 61-77 % amino acid identity and are products of the Adgst1AS1 gene [23, 24] . They share an untranslated exon 1 and a translated exon 2 that code for 45 amino acids at the N-terminus. These two exons are spliced to one of four alternative exons 3, namely 3A, 3B, 3C or 3D. This generates four different mature transcripts coding for proteins containing 209-219 amino acids that have been called D4-4, D3-3, D2-2 and D1-1 respectively. These spliceforms therefore differ in their C-terminal amino acids only.
As shown in Table 1 , GST activities, as assessed using the standard CDNB assay, were decreased in the presence of a 1:1 molar concentration of HEP. The activities of the GST spliceforms GSTD1-1 and GSTD2-2 were the greatest affected, but even the inhibition of GSTD3-3 and GSTD4-4 was > 20 %. A parallel series of experiments in which JNK was incubated with each Delta GST spliceform also showed that JNK could inhibit the activity of GSTD2-2, GSTD3-3 and GSTD4-4 towards CDNB. However, under these assay conditions, no inhibition of GSTD1-1 activity could be observed ( Table 1 ). The differences in the effects of the HEP and JNK on the activities of the GST spliceforms would appear to be the result of different interactions with the different amino acids in the C-terminus of each GST spliceform. 
Mechanism of GST inhibition by HEP and JNK
A more detailed kinetic study of inhibition was undertaken to yield data on the affinity of binding (K i ) and the mechanism of interaction for these four GST spliceforms and the kinases HEP and JNK (Table 2 ). With the exception of the JNK and GSTD1-1, which showed no inhibition of GST activity, the inhibition of the GST spliceforms by JNK or by HEP was non-competitive with respect to its substrate CDNB. This indicated that the interaction with each kinase did not block the GST active site despite inhibiting its transferase activity. This interaction was also of high affinity, with estimates of K i in the range of 20-70 nM for GSTD1-1, GSTD2-2 and GSTD3-3 ( Table 2 ). For GSTD4-4, K i values were higher, being in the range of 100-200 nM; however, all of these interactions exhibited approx. 3-4 orders of magnitude greater affinity than the interactions of GSTs with glutathione [24] . Furthermore, these results show that HEP interacts with all the GST Delta spliceforms tested. JNK also interacts with GSTD2-2, GSTD3-3 and GSTD4-4, but it was not possible to observe an interaction of JNK with GSTD1-1 in this experiment.
Modulation of protein kinase activity in the presence of GST Delta spliceforms
We next tested the reciprocal regulation of GST Delta spliceforms on protein kinase activity. We began by assessing JNK activity towards its physiological substrate Jun. As shown in Figure 1 (A), GSTD1-1 inhibited the ability of JNK to phosphorylate Jun by approx. 50 %. In contrast, the inclusion of GSTD2-2, GSTD3-3 or GSTD4-4 increased JNK activity by up to 170 %. Thus despite JNK not inhibiting GSTD1-1 activity towards CDNB (Table 1) , GSTD1-1 was capable of inhibiting JNK activity towards Jun ( Figure 1A ). We next repeated these protein kinase assays, but without the inclusion of the Jun substrate protein. Thus we could assess the actions of the GST Delta spliceforms on both HEP EE and JNK activity using the ability of HEP EE to phosphorylate JNK as well as the ability of JNK to phosphorylate HEP EE [21] . As shown in Figure 1(B) , the incubation of JNK alone did not result in its significant autophosphorylation. Similarly, prolonged incubation of HEP EE alone did not result in its significant autophosphorylation (results not shown). The inclusion of HEP EE with JNK resulted in weak phosphorylation of both HEP EE and JNK proteins. When the GST Delta spliceforms were also included, the most striking differences were noted with GSTD2-2 and GSTD3-3, which increased the phosphorylation of both HEP EE and JNK proteins up to 6-fold. Furthermore, GSTD1-1 and GSTD4-4 seemed to inhibit the phosphorylation of HEP EE , without inhibiting the phosphorylation of JNK. These results therefore show that GSTs can affect the activities of both JNK towards HEP EE and HEP EE towards JNK. They also show that GSTs were not JNK substrates because no phosphorylated GST protein was observed even after prolonged The experiment was performed using GST/HEP 3E /JNK in 10:1:2 molar ratio. GST was incubated with constitutively active HEP 3E for 10 min at room temperature before adding JNK with 3 µCi of [γ -32 P]ATP for 25 min of phosphorylation time at room temperature. Proteins were then separated by SDS/PAGE, and kinase activity was visualized by autoradiography of the 32 P-labelled substrates. The JNK protein was a substrate for HEP as well as HEP being a substrate for JNK [21] 
Figure 2 JNK changes the substrate specificity of GST spliceforms
GST and JNK were incubated in 1:1 molar ratio for 5 min at room temperature. GST activity was measured using various hydrophobic co-substrates. The percentage change in GST activity (y-axis) was determined by comparing the reactions in the presence and absence of JNK. The specific activity of each GST for the substrates in the absence of JNK is shown in Table 3 . There was no activity change in GSTD1-1 activity using CDNB as the co-substrate due to the lack of a JNK effect (Table 1) . Results shown are representative of at least four independent experiments with similar results.
exposure of the autoradiographs. This is consistent with these GST proteins lacking a consensus phosphorylation site for MAPKs, namely S/TP or PXS/TP [31] .
JNK affected GST substrate specificity
We next evaluated whether JNK changed the substrate specificity of the Delta GST spliceforms. First, the specific activity of each Delta GST spliceform was determined for the substrates CDNB, DCNB, PNBC and PNPB in the absence of any JNK protein.
The results are presented in Table 3 . The results illustrate the striking differences in the enzymic properties of these four GSTs. For example, a 10-fold difference in specific activity was noted for the CDNB substrate. Similarly, 8-fold differences for DCNB, 17-fold differences for PNBC substrate and > 20-fold differences for PNPB are noted. These differences must arise from the differences in amino acids at the C-terminus. These C-terminal residues contribute to the H-site and have been shown to determine substrate specificity for different compounds within each class and amongst different classes [32] [33] [34] .
The changes in GST substrate specificity after incubation with JNK are shown in Figure 2 . Some striking differences were observed. For example, GSTD1-1 activity towards CDNB was not Effects of JNK on GST were determined in the absence and presence of GSH. GST and JNK were incubated in 1:1 molar ratio in the presence and absence of 2 mM GSH for 5 min at room temperature. GST activity was measured using various hydrophobic co-substrates. The percentage change in GST activity was then calculated: (A) specific activity of GSTD1-1 and GSTD2-2 affected by JNK, and it was employed for comparison with the reaction containing GSH, as shown in (B).
influenced when incubated in the presence of JNK; nonetheless, it was significantly increased (approx. 2500-fold) towards PNPB. Similarly, incubation with JNK increased GSTD2-2 activity using PNBC and PNPB, whereas it was decreased on using other substrates. Both D3-3 and D4-4 displayed an increase in activity towards PNPB; however, the activities were decreased towards other substrates. These results suggest that the JNK interaction provokes a set of different conformational changes in each GST, thus affecting the active-site topologies, for instance, changes in hydrophobicity and size through residue movement [35] , in a dissimilar manner.
Effect of glutathione on GST-JNK interaction
Under normal cellular conditions, intracellular GSH concentrations are supposed to be in the range 1-10 mM. At these concentrations, GSH would usually be bound to the GST active site [36] and, therefore, we evaluated whether the presence of GSH would alter the effects of GSTs on JNK activities. In the presence of 2 mM GSH, JNK had different effects on the Delta GST spliceforms for the GST substrates, CDNB, DCNB, PNBC and PNPB (Figure 3) . Specifically, when activities of the GSTD1-1 and GSTD2-2 spliceforms were assessed after preincubation in the absence ( Figure 3A ) and presence ( Figure 3B ) of glutathione, the most striking differences were noted for activities towards the CDNB substrate. GSTD1-1 was now activated by JNK after preincubation in the presence of GSH, and GSTD2-2 was also activated rather than inhibited. We suggest that the known changes of GSH binding that result in GST-induced-fit conformational changes [37] could contribute to the changes noted in the GST-JNK interaction. These changes will be observed differently depending on the GST-specific isoforms and substrate employed.
GSH also affected JNK activity by inducing JNK autophosphorylation ( Figure 4A ), but attenuated Jun phosphorylation ( Figure 4B ). As shown in the presence of Jun, the autophosphorylation of JNK was decreased; however, the GST and GSH-induced-fit conformational change induced a 3.5-fold increase in JNK autophosphorylation. The results also identify glutathione as a critical molecule directly involved in JNK regulation by controlling JNK substrate selectivity and specificity of interaction. Direct interaction of GSH and kinases has been reported previously for several isoforms of protein kinase C that were shown to be inhibited by GSH [38] . High GSH concentrations have been shown to inhibit the sphingomyelin/ceramide cycle where generation of ceramide leads to cell-cycle arrest and apoptosis [39] . In addition, the depletion of GSH in the cell during oxidative stress exerted negative regulation over protein kinase C isoenzymes [38] as well as the JNK/p38 pathway [4] . GSH has been shown to be a potent inhibitor of JNK activation, suggesting the existence of specific cellular components involved in JNK activation in response to different forms of cellular stress [4] . We suggest GSTs may be one of these components.
DISCUSSION
In the present study, we characterized the non-enzymic function of GST in the regulation of stress-activated kinase proteins of the JNK pathway as well as the reciprocal regulation of GST by proteins of the JNK pathway. In insects, HEP is a homologue of mammalian MKK7, whereas the single Drosophila JNK or basket protein corresponds to the ten human JNK isoforms with a 61-75 % amino acid identity [21] . Furthermore, GSTs in insects currently fall into six classes, with the Delta class being the best studied [29, 40, 41] . Here, we have concentrated on the study of four spliceforms of a single Delta class GST, GSTD1-1, GSTD2-2, GSTD3-3 and GSTD4-4. Interestingly, the splicing of these GSTs generates products that share the same N-terminal 45 amino acids of the conserved glutathione-binding region [24] . Any differences in the actions of these spliceforms must therefore arise from the C-terminal regions of these proteins and we have previously shown that their substrate specificities, steady-state kinetics with respect to both GSH and CDNB and inhibition kinetics to the pyrethroid insecticide permethrin are very different [24] .
Results of the present study have extended our previous studies by demonstrating an interaction between the Dipteran GSTD1-1, GSTD2-2, GSTD3-3 and GSTD4-4 and the JNK pathway components, JNK and HEP. Our inhibition study showed different interactions of these kinases with the GST splice products, particularly as seen with the inhibition of several of the GST spliceforms by JNK (Table 1) . We observed, using the standard CDNB assay, that GSTD1-1 showed no inhibition, whereas the remaining GSTs were inhibited by their preincubation with JNK protein. We suggest that the interaction with the kinase could change the GST conformation and this results in different GST enzymic activity. This is also the first report of the activation of JNK activity by their preincubation with GST. Previously, GSTs have been reported to serve as negative regulators in the JNK pathway, acting either on JNK or ASK1 [15, 18] . In the present study, we report that although some alternatively spliced GSTs inhibit JNK activity, other spliceforms may also function as JNK activator proteins. These results again highlight the functional diversity of the GST spliceforms. Moreover, our study shows that the GSTs can associate with the immediate JNK upstream activator kinase in Drosophila, HEP. Hence, GST may play additional roles in the regulation of kinase proteins in the JNK pathway through an, as yet, unknown mechanism.
As a consequence of the different effects of GSTD4-4 on JNK activity, as shown by an increased phosphorylation of c-Jun ( Figure 1A ) and a decreased phosphorylation of HEP ( Figure 1B) , we suggest that the GSTs such as GSTD4-4 may contribute to a change in JNK substrate selectivity. Intriguingly, GST could be a pivotal molecule to switch the JNK downstream cascade direction under normal conditions, GST I inhibits JNK and maintains JNK at basal level activity [15] . Right panel: once stress occurs, a mechanism to dissociate GST I from JNK comes into effect. GST A may now associate with JNK or an upstream activating kinase and increase or modulate the kinase cascade response.
by changing activation of transcriptional machinery components and thereby gene expression. One critical determinant of MAPK specificity and efficacy is the docking motif on the kinase surface, which interacts with the substrate target site. A structural change of JNK after interaction with GST may impact on this region critical for specificity determination [42, 43] . Nonetheless, JNK has many functions in controlling cell stress responses, and it is possible that the GST-JNK interaction changes substrate specificities of JNK for other JNK substrates such as activating transcription factor 2 [11] , Elk-1 [12] or p53 [44] . The GST-JNK interaction would therefore function as a switch or modulator for the various JNK processes on stimulation by cellular stresses ( Figure 5 ). Owing to the nature of the signalling process, there must be other molecules participating in the regulation of the GST-JNK interaction. Since there are various classes and isoforms of GSTs [1, 2] and JNKs [9] that are widely distributed in different tissues, the signalling specificity of GST-JNK interactions may also be controlled by the specific classes and isoforms present in any particular cell type. Previously, it was shown that distinct classes of GSTs played particular roles by interacting with different kinase proteins [15, 18] . In the present study, we report that different isoforms of the same class of GST interact with JNK and modulate JNK activity in different ways. The variety of GST isoforms may be one of the keys determining signal specificity and controlling a particular cells biological response.
The GST-JNK interaction may occur through the C-terminus of JNK, which has been reported as being important for providing direct protein-protein interaction with GSTP1-1 [45] . JNK has also been shown to interact electrostatically with other signalling molecules through a conserved docking motif called the common docking domain [46] . The conserved polar residues within the common docking domain may serve as energetic hot spots, which increase the specific protein-protein interaction [47, 48] . In addition, hydrogen bonding and molecular surface shape complementarity are vital criteria that determine protein docking [49] . Thus the variation in surface residues of a GST interacting with a particular JNK may induce distinct conformational changes, yielding functional changes in both proteins. A shift in substrate specificity arising from the association of GST and JNK, in addition to the presence of different GST isoforms generated in the course of natural molecular evolution [50] , would be a useful feature for a detoxification mechanism already well known for recognizing diverse substrate compounds.
In summary, the results show that distinct isoforms of GSTs specifically interact with JNK with different effects. Intriguingly, even though the studied GST isoforms are alternatively spliced products sharing > 60 % amino acid identity, the GST proteins displayed contrary roles in the regulation of JNK. It suggests that the specific isoforms of GSTs present may be important in controlling the final cellular response. The present study provides new insight into the mechanism of GSTs in regulating and conferring specificity of stress kinase proteins in the JNK pathway.
